The vulnerability and trends of meteorological as well as agricultural drought conditions over Indian region was studied using longterm gridded precipitation and time-series normalized difference vegetation index (NDVI) data. The Climate Hazards Group Infra-Red Precipitation with Station (CHIRPS) precipitation data (~5 km) was used to compute Standardized precipitation index (SPI) at 3-month time scale for Indian summer monsoon season (June-September). Subsequently, the long-term Global Inventory Modelling and Mapping Studies (GIMMS) time-series NDVI data (~8 km) was interpolated at daily scale and smoothened using Savitzky and Golay filtering method. Further, the time-series NDVI data was transformed into several phenological parameters using threshold and derivative approach. As integrated NDVI, i.e. the area under seasonal NDVI curve, is able to represent the anomalies in seasonal agricultural production, it was transformed into standardized vegetation index (SVI) using empirical distribution. Several drought parameters, e.g. magnitude and extent, were computed at district level based on the SPI and SVI values, where values with SPI or SVI less than minus one was considered as meteorological and agricultural drought year, respectively. The trends of drought magnitude and extent for both the meteorological and agricultural drought were estimated using Sen's slope. The direction of trends and magnitude were found to be varying spatially across different parts of Indian region. Further, the mean SPI/SVI values along with drought frequency were utilized to categorize entire Indian agricultural area into different vulnerable zones during three decades separately. The overall drought vulnerability was found to be decreasing over time.
INTRODUCTION
Drought is a climatic phenomenon that affects the natural variability of the climate system. In terms of precipitation and temperature regimes, occurrence of drought can be possible in all regions of the entire world . Even in the present day, though there are advanced technologies and communication no country can effectively claim as immune to the effect of drought. Droughts are slow-onset phenomenon; especially extensive event of nature which can affect a region for weeks, months or may be years. Because of this creeping phenomenon, drought can be the cause of prompting mass migration, environmental degradation and famine-like situation (Rojas et al. 2011) . One of the most popular perceptions of drought is meteorological drought phenomenon. This kind of phenomenon can be occurred due to lack of expected precipitation. However, there is no particular definition to describe drought and the impact on a region, meteorological drought is generally occurred for rainfall deficiency from the average condition (WenWang et al., 2016) . In case of agricultural drought, it implies the unavailability of soil moisture for crop growth (Shaw et al. 2017) . There are more than half of professions in India directly or indirectly dependent on the agriculture, though most of the areas in India are marked as drought prone. South-west monsoon from June to September is the reason, that India receives more than 70% rainfall every year (Mishra et al., 2010) .
In the year 1967, first Gibbs and Maher established the rainfall deciles theory. For meteorological drought estimation, standardized precipitation index (SPI) is a popular and powerful tool among the various indexes (McKee et al. 1993 (Von et al. 1965) . As per the literature review, usually meteorological drought and hydrological drought are the vital reason of agricultural drought. In 1980 and early 1990s agricultural drought across Africa have affected my countries, probably the most shocking in recent history (Rojas et al., 2011) . Agricultural drought is the most aspect for drought monitoring but it is far more complicated for some investigations (Palmer, 1965) . The present study intends to analyse the vulnerability and trends of meteorological as well as agricultural drought conditions over Indian region using long-term (1982-2015) gridded precipitation and time-series normalized difference vegetation index (NDVI) data.
DATA SETS
In the present study, major three types of database have been used, viz. (i) GIMMS NDVI, (ii) CHIRPS and (iii) Land cover data. GIMMS is the Global Inventory Modelling and Mapping Studies. NDVI datasets are available from 1981 to 2015 with 1/12 degree (~8 km) spatial resolution and 15 days temporal resolution. In the present study, GIMMS data sets from 1982 to 2015 has been extracted for Indian region and for these 34 years period total 828 layers has been processed. (ii) CHIRPS data is the long-term precipitation data, downloaded from Climate Hazards Group InfraRed Precipitation with Station. This data provides long-term information on precipitation in global scale with 0.05° (~5 km) spatial resolution. Total 408 layers of CHIRPS data has been used for period of entire 34 years (1982 to 2015) . (iii) Land cover data with 8 km resolution, downloaded from ftp://glcf.umd.edu. 
METHODOLOGY

Interpolation and smoothening of NDVI data
The 15-day NDVI data was transformed into daily NDVI using interpolation method to estimate the crop phenological stages more accurately. To eliminate the noise, NDVI datasets were filtered with Savitzky and Golay (1964) method. In the case of NDVI data smoothening specifying degree of smoothening polynomial plays a determine role, which is the range of 2 to 4. Here the 2nd order polynomial with seven windows filter size was used. The general equation, which simplifies the leastsquare method of NDVI time series smoothing, Where, Y refers NDVI value, Y* = resultant NDVI values, C i is the i th NDVI coefficient value of the filtered smoothing window, N = number of convoluting integers which is equal to smoothing window (2m+1), j is running index.
Extraction of Crop Phenology
Using the combination of threshold and derivative approaches different crop phenological stages were extracted from timeseries filtered NDVI data. The time-series NDVI daily data was utilized to estimate four (04) major phenological parameters. These parameters are as follows, SOS: SOS refers to the start of growing season of a particular crop. In the present study, the SOS was estimated using the maximum rate of NDVI changes between sowing of that particular crop and peak vegetation rate.
EOS:
EOS is the end of growing period of a particular crop. Similar as SOS, the EOS was estimated based on the maximum rate of decrees in NDVI values between peak vegetation and harvesting date of that particular crop.
LGP:
LGP defines length of growing period of the crop. Length of growing period considered the period between SOS and EOS.
Integrated NDVI: Integrated NDVI represents the integrated value of daily time step NDVI from SOS to EOS. The Figure ( 2) represents the NDVI profiles along with different phenological parameters for normal year and drought year, respectively. NDVI data has been shown from June to November as the present study confined to kharif season only. As the drought leads to delay in crop sowing activities, the sowing date has shifted from mid-week of June to July last week. It is interesting to note that the date of harvesting remains almost similar for both the year. Due to delay in the sowing day, the length of growing period was compressed by one or half month. As a result, the SOS was delayed and EOS has advanced, which lead to shortened effective crop growing period and a significant decrease in the integrated NDVI values. According to the observations along with literature review, it can be inferred that the drought may directly affect the integrated NDVI, representing the reduction in crop production.
Generation of standardization of vegetation index:
To generate standardized vegetation index (SVI) the integrated NDVI has been utilized. In the present study, standardization of integrated NDVI has been adopted which is similar to standardized precipitation index (SPI). An empirical approach was adopted to derive the marginal probability of the timeseries crop phenological parameter, i.e. integrated NDVI. This approach uses univariate form of Gringorten plotting position formula ). This plotting position formula can be expressed as:
Where, i = rank of the smallest observed values, n= total number of observations. Similar to SPI, the values of this standardized index are ranging from -4.0 to +4.0, where the negative values represent the drought condition and vice-versa. In the present study, this standardized integrated NDVI is named as standardized vegetation index (SVI). From the figure (3), it can be observed that effective ranges of the standardized index are more than the normal values of the phenological parameters. Moreover, it can be said that this standardized index can able to discriminate the agricultural drought year and non-drought year more effectively. The agricultural drought magnitude and extend was calculate separately using the SVI values.
Generation of Standardized Precipitation Index
SPI has been calculated at different time-scales, i.e. 3, 6 and 12 month, for monsoon season from 1982 to 2015. To define and monitoring drought, SPI plays an important role. SPI can be calculated using the following equation:
Where, X ij = seasonal precipitation at the i th rain-guage station, j th observation. X im = long term seasonal means and σ is the standard deviation. According to literature review, SPI value reaches -1.0, drought event starts and positive SPI value, it ends (Das et al. 2015) . Figure 4 The precipitation (CHIRPS) data for selected 34 (1982 -2015) within SPI at 3-, 6-and 12-month time scales
Generation of Meteorological Drought Parameters:
In the present study, SPI value at 3-month time-scale has been used to calculate drought magnitude and occurrence of drought using the above-mentioned threshold. Any event with SPI value less than threshold was considered as the occurrence of drought, whereas, the accumulative value of SPI during the drought months for each year was considered as magnitude (Vicente et al., 2014 , Das et al. 2015 . Using the drought occurrence, the percentage of drought-affected area for each district was calculated. Drought extent is the percentage of geographic area affected by drought.
Trend Analysis:
The anomalies of seasonal drought parameters were calculated using the absolute deviation from their long-term average (Das et al. 2015) . In the present study, over the time series anomalies trend analysis was performed at district level. The direction of trend of seasonal drought parameters and calculated drought indexes during the monsoon season was estimated using nonparametric Mann-Kendall test. The Mann-Kendall method finds for a trend in time-series data without specifying whether the trend is linear or non-linear (Das et al. 2014 ). The Sen's slope was used to find the magnitude of the trends. Sen's slope estimator is one of the best non-parametric trend operators and it is free from gross data error (Sen., 1968).
Vulnerability Assessment:
In the present study, the mean SPI and SVI values along with drought frequency were utilized to categorize entire Indian agricultural area into different vulnerable zones during three decades separately, viz. 1982-1992, 1993-2002 and 2003-2015. To prepare vulnerability map median threshold method has been considered. The grid with drought frequency more than its median will be considered as high frequency or vice versa. For example, if the median value is 2.5, any frequency value above 2.5 during the 10 years will be considered as high frequency or else low frequency. Similarly, the SPI or SVI values greater than median value for a given year will be considered as high mean and vice versa. Based on these two parameters (frequency and mean) vulnerability had been calculated using the following criteria, High Frequency and High Mean > Highly Vulnerable Low Frequency and Low Mean > Low Vulnerable Low Frequency and High Mean > Moderately Vulnerable High Frequency and Low Mean > Moderately Vulnerable
RESULTS & DISCUSSION
It can be seen that over western parts of India and peninsular region the mean SPI values during 1982-1992 were -2.5 to <-7.5 ( Figure 5) . Whereas, during 1993 Whereas, during -2002 Whereas, during and 2003 Whereas, during -2015 it was found to be decreasing ( Figure 5 ). Similar kinds of observations were recorded in case of SVI also during the last three decades. In the case of standardized vegetation index, the mean SVI values were very high in the western region of India. In the southern region, it was comparatively low. It indicates that the western region was more drought prone than southern region. During 2002 to 2015 (Figure 6 ) it can be seen that along the Indo-Gangetic plain the mean SVI value is higher. Figure 5 Mean SPI values from 1982 -1992 , 1993 -2002 , 2003 -2015 Figure 6 Mean SVI values from 1982 -1992 , 1993 -2002 , and 2003 -2015 Similar to SVI and SPI, the frequency of drought was also found to be decreasing during the last three decades. 1982-1992, 1993-2002 and 2003-2015 
Trend Analysis
Trends of Phenological Parameters:
In the case of start of growing period, most of the regions have increasing trend representing advanced SOS. Some isolated districts in northern region are found no trend for SOS. Some district over peninsular India, the trends were found to be significantly negative at 95% confidence limit (Figure 9 ). Negative trend has been found for EOS over the eastern coast of the peninsular region. Significant regions with positive trends were found over major parts of the Indian region, which is more or less similar to SOS (Figure 10 ). In the case of LGP, in major parts of the country negative trends were observed. Some isolated districts in coastal region were found with significant positive trends at 95% confidence limit (Figure 11 ). For integrated NDVI, negative trends were found along the Western Ghats, Eastern coastal plain and some districts over West Bengal, Bihar and Madhya Pradesh (Figure 12 ).
Trends of SPI Parameters:
The spatial variability of temporal trends of meteorological drought over India has been represented at district level during the monsoon season. Drought magnitude generally explains the intensity of the drought (Das et al. 2015) . In the case of magnitude of meteorological drought trend, almost 80% of the study area showed no trend. The most of the districts with the negative trend was found over Maharashtra, central and southern parts of the India (Figure 13 ). Some isolated districts of zero to positive trend of meteorological drought were found. Positive trend was found over Pune district in Maharashtra, South 24-Parganas of West Bengal, two districts of Tamil Nadu. Drought extend defines the percentage of affected drought area. In the case of meteorological drought extend most of the area was found under no trend whereas some isolated patches of negative trend were observed in the southern part and Madhya Pradesh ( Figure  14) . 
Vulnerability Analysis:
In most of the parts of Indian agricultural area the meteorological drought vulnerability was found to be high, whereas low vulnerability was observed over northeast region along with parts of Bihar, Jharkhand, Haryana, Punjab and West Bengal during 1982-1993 (Figure 15 In case of agricultural drought vulnerability, high vulnerable areas was found over Rajasthan, Punjab, Haryana and parts of Maharashtra, Karnataka, Andhra Pradesh, Uttar Pradesh and Tamil Nadu, whereas in rest of the areas low vulnerability was observed during 1982-1992 (Figure 18 ). During the last two decades, i.e. 1993-2002 and 2003-2015 , the overall vulnerability was found to be decreasing in most parts of India, whereas it was found to be higher in parts of Karnataka, Uttar Pradesh and Bihar (Figure 19 & Figure 20 ).
CONCLUSION
The major objective of the present study was to analyse the trend and vulnerability of the meteorological and agricultural drought over Indian agricultural region during last three decades, i.e. 1982 to 2015. The mean drought value (for meteorological and agricultural both) and drought frequency were found to be 
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The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLII-3/W6, 2019 ISPRS-GEOGLAM-ISRS Joint Int. Workshop on "Earth Observations for Agricultural Monitoring", 18-20 February 2019, New Delhi, India Decreasing during the last three decades. The meteorological drought frequency was very high over western India during first decade of the study period, whereas in next two decades, i.e. 1993-2002 and 2003-2015 , it was found to be decreasing. Hence, as a resultant the trend and vulnerability were also found to be decreasing for meteorological drought. In the case of agricultural drought, it was noticeable that during 1982-1992 vulnerability was higher in most of the north-western states. During the last two decades of the study period, some parts of southern Karnataka, Bihar and Uttar Pradesh, the vulnerability was found to increasing. Positive trends of start and end of crop growing stages were found in most parts of the country, except parts of peninsular India. However, the trends of length of growing period showed that the crop duration are significantly decreasing over most parts of the country. The trends of crop production, in terms of integrated NDVI, was found to positive in major parts of the study area, except some isolated patches over central India along with western and eastern coast.
